South Purulia Shear Zone (SPSZ) is an important area for the prospect of uranium mineralization and no detailed geophysical investigations have been carried out in this region. To delineate the subsurface structure in the present area, vertical electrical soundings using Schlumberger array and gravity survey were carried out along a profile perpendicular to the SPSZ. Apparent conductance in the subsurface revealed a possible connection from SPSZ to Raghunathpur. The gravity model reveals the presence of a northerly dipping low density zone (most likely the shear zone) extending up to Raghunathpur under a thin cover of granitic schist of Chotanagpur Granite Gneissic Complex (CGGC). The gravity model also depicts the depth of the zone of density low within this shear zone at ∼400 m near Raghunathpur village and this zone truncates with a steep slope. Integration of resistivity and gravity study revealed two possible contact zones within this low density zone in the subsurface at depth of 40 m and 200 m. Our study reveals a good correlation with previous studies in Raghunathpur area characterized by medium to high hydro-uranium anomaly. Thus the conducting zone coinciding with the low gravity anomaly is inferred to be a possible uranium mineralized zone.
Introduction
Natural radioactive mineral deposits are found in suitable geological environment like shear zones [1] [2] [3] [4] , unconformity contacts, veins, and so forth [5, 6] . The mineralization may occur in vertical, dipping, and horizontal sheet-type structures. Uranium is highly conducting in nature and its presence in the subsurface provides good conductivity contrast between ore deposit and host rock [7, 8] , making it possible to be delineated by electrical resistivity methods. Further, near surface structural features such as the shear zones can also be identified by detailed gravity measurements [9] .
South Purulia Shear Zone (SPSZ) (Figure 1 , after [10] ) consists of mainly granite gneiss, amphibolites, phyllites, schist, carbonatite, and quartz-magnetite-apatite rocks and is of early mesoproterozoic age. Subsurface signature of uranium has been found in the existing apatite mine at Beldih but detailed geophysical activities are very limited in that area. Most of the previous studies deal with regional gravity and magnetic survey over the Eastern Indian Shield [11] [12] [13] . The Bouguer gravity anomaly map and magnetic data [14] suggest that there is a contrasting change from the Singhbhum Granite Craton in the south to the CGGC in the north but the detailed subsurface structure is little known in the present area. The gravity study shows a broad low anomaly zone [14] . There is a very good correlation with the nature of Uranium deposit in Beldih mine with the Uranium present in different locations of Singhbhum Shear Zone [15, 16] . Chemical analysis of water samples also shows presence of Uranium in the subsurface water (∼40 m) collected from deep tube well [17] . All of these studies prompted us for further detailed subsurface investigation.
In the present study, deep resistivity sounding, apparent conductance, and gravity measurements were carried out from SPSZ to Raghunathpur village (where high hydrouranium anomaly was reported). Sometimes the possible thin mineralization zone may not be reflected in the conventional apparent resistivity measurement. Therefore, apparent conductance has also been studied simultaneously at all sounding locations. The variation in the apparent conductance suggests the presence of conductive formation at depth which helped in the correct interpretation of resistivity sounding data and sometimes to constrain the subsurface structure for 2D forward gravity data modeling.
Geology of the Study Area
The SPSZ ( Figure 1 ) forms a part of the ENE-WSW to E-W to ESE-WNW trending curvilinear lineament which roughly marks the contact between North Singhbhum Mobile Belt (NSMB) in the south and the CGGC in the north [14, 15] ( Figure 1 ). This lineament extends from Tamar, Ranchi district, Jharkhand, in the west to Porapahar, Bankura district, West Bengal, in the east. This lineament extends for a distance of nearly 150 km with width of 4-5 km affecting a very narrow part of CGGC and relatively broader part of Singhbhum group (reviewed in [15] ). The major part of SPSZ is covered by felsic volcanics accompanied by mafic and ultramafic rocks with subordinate metapelites. Along the contact of SPSZ and CGGC, thin linear bands/lenses of tourmalinite, quartz reef, quartz breccias, ferruginous breccias, schroll, and mylonitic rocks are profusely developed. Quartz-magnetiteapatite rocks, carbonatite, and syenites are some of the other significant rocks reported along the SPSZ [18] [19] [20] [21] . The general trend of the foliation along the shear zone is E-W to ESE-WNW with steep dip due north or south or vertical at places. The shear zone shows ductile to brittle-ductile deformational pattern [15] associated with intense brecciation, mylonitization, and hydrothermal alterations accompanied by development of apatite, magnetite, base metal, rare metals, rare earth, and uranium [14, 19, 21] .
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Electrical Resistivity Sounding and Apparent Conductance.
In electrical resistivity sounding, current is passed into the ground with a pair of metal electrodes and potential difference is measured with another pair of electrodes (copper rod dipped into CuSO 4 solution in a porous pot). The ratio of potential difference and current flow yields the apparent resistance of the ground. This apparent resistance is multiplied by the geometrical factor (depends on all electrode positions) of the array to get the apparent resistivity for a particular current electrode separation. Current electrode separations are gradually increased from a very small value (say 1.0 m to several km) to depict the vertical variation in the resistivity that reflects the variation in subsurface lithology. The number of layers is decided on the basis of variation in the apparent resistivity with electrode separation. In spite of multidimensional development in the acquisition and interpretation of resistivity data, a problem exists in the conventional 1D electrical resistivity sounding to identify the actual number of layers in certain geological conditions. It is not possible to identify the actual number of layers when computed apparent resistivity increases continuously with increasing current electrode separation. To solve this problem, the amount of current flow at various current electrode separations can also monitored. The current flow is normalized with the applied external voltage and referred to as apparent conductance ( ) [22, 23] . Lithological change in the subsurface is reflected in the . Even though apparent resistivity is unable to reflect change in lithology, depicts such changes and helps in the determination of actual number of layers present in the subsurface. We tried to analyze normalized in the area to study its relationship with subsurface features or to get any additional information which might be helpful in qualitative or quantitative interpretation of conventional sounding data. To interpret the sounding data, some decisions about the number of layers and layer resistivities are also taken on the basis of pattern revealed for each sounding.
Gravity.
A total of nearly 175 gravity observations were recorded across the SPSZ along different approachable paths covering nearly 80 km 2 area. The survey was executed by a W. Sodin gravimeter (sensitivity 0.01 mGal) with a station spacing of nearly 200-250 m. The gravity measurements obtained from the study area were tied to the nearest absolute gravity base station at Purulia railway station (absolute gravity value ( ) = 978796.73 mGal) [24] .
The raw gravity data were reduced to mean sea level following the standard data reduction procedures (i.e., by employing instrumental drift correction, free-air correction, Bouguer correction, and terrain correction) to keep the effect of subsurface mass only. Base station was occupied at the beginning and end of each working day to remove the instrumental drift. Using linear interpolation between base station reoccupation, this temporal variation in the gravity field was estimated. Theoretical gravity value was calculated using the formula given on the 1967 Geodetic Reference System (GRS67). The free-air correction term was derived by the standard free-air gradient of 0.3086 mGal/m (neglecting higher order terms). To compute the Bouguer correction, the average crustal density was taken as 2.67 g/cm 3 . Topographically, the study area was almost flat. Thus, the terrain effect as calculated from the mass integral method [25] was very small to affect the Bouguer anomaly significantly. Bouguer anomaly map after the data reduction is shown in Figure 2. 3.3. Regional-Residual Separation. The separation of the regional component from the Bouguer anomaly is a crucial step in subsurface gravity study for mineral exploration point of view as the residual part is contributed solely by the near surface density distribution. In the present study, the regional-residual separation was done using trend surface analysis method [26] . Third degree polynomial is used as the regional field for gravity anomaly ( Figure 3 ). This polynomial gives the regional values at the analyzed points and the residual anomaly ( Figure 4 ) values were obtained by direct subtraction of the regional values from the observed Bouguer anomaly values. The high residual anomaly on the northeast part (east of Raghunathpur village) and south-west (near Barabazar) are due to the high density metabasic rocks and compact granite intrusion within mica schist/phyllites, respectively. The highly altered rocks and brecciated granite in the middle part of the study area is depicted by a low gravity anomaly zone along the NW-SE trending shear zone. This also reveals the width of the shear zone. Thus, the residual gravity anomaly map shows a good correlation with the surface geology.
Results and Interpretations
Electrical Resistivity Sounding and Apparent Conductance.
Schlumberger resistivity soundings were performed at 5 locations ( Figure 1 ) along a profile perpendicular to the SPSZ. The spread of current electrodes was kept approximately parallel to the known geological strike (NW-SE direction) for smooth variation in the apparent resistivity. Current electrodes were expanded with AB/2 = 3 to 1000 m to delineate the structures extending to depth of 250 m. Since, the apparent resistivity data shows a continuously increasing trend with depth or current electrode spacing (AB/2), it was interpreted using 2-, 3-, 4-, and 5-layer model. However, the interpreted resistivity and thickness were erroneous and uncertainties in the model parameter were very high without considering .
We have studied the data for each sounding simultaneously with apparent resistivity data. First, the measured current flow at various current electrode spacings is normalized with the applied voltage to obtain the current flow for a unit applied voltage. Subsequently, each value is also normalized with the computed at the first current electrode separation. Since the local condition varies at each sounding location we again normalized each data by the corresponding maximum value of ( Figure 5 ) for uniformity at various soundings. This shows a good correlation in the at each sounding and depicts an increased zone ( Figure 5 ). Soundings S5, S4, S2, and S1 show a maximum ( Figure 5 ) at a deeper depth (current electrode spacing 250 m to 400 m, AB/2).
is also contoured taking all the soundings into consideration. Figure 6 shows the contour map of normalized which clearly depicts conducting layers at depth. The green dotted line demarcates ( Figure 5 ) as the probable conducting zones which might be associated with uranium mineralized zone. Thus, such normalized can be very effective in delineating the subsurface conductor where the formation is dipping and cannot be delineated using conventional resistivity data interpretation technique. This normalized helps us to interpret the different layers in the sounding data and is very effective in delineating the subsurface layers accurately.
Interpretation of Resistivity Sounding Data.
Resistivity sounding data is interpreted using 1D very fast simulated annealing global optimization inversion technique [27, 28] . Interpretation of sounding data without considering the may yield erroneous result and hence may not match with geologic section. Therefore, we present the interpretation of soundings using number of layers on the basis of . Figure 7 presents the comparison between the observed and model data for all five soundings and their corresponding apparent conductance. Figure 7(a) shows that model data for soundings S1 and S3 could not fit precisely (especially the later part of the sounding data) due to fact that slope of soundings S1 and S3 is more than 45
∘ . The resistivity sounding data shows that apparent resistivity is continuously increasing with depth after 10-20 m AB/2 values. Hence it can be understood that there is a massive resistive layer beneath the near surface conducting layer corresponding to AB/2 values of 10-20 m. However, this is not true; either there are different geological layers that are not seen in the data or there are fractures in the massive resistive layer. Since the separation between S5 and S1 is 6 km, it is unlikely that there are only fractures which can cause such a correlatable .
In principle only 3-layer models are sufficient to fit all resistivity sounding data. However such interpretation will be misleading. A multiple layer model is selected on the basis of and interpreted the sounding data. However, such results have been arrived in a systematic manner after constraining some model parameters. If we allow all the model parameters to vary in the inversion process, a highly nonunique model will be obtained. To avoid this, we first tried to match limited data sets using 3-layer models. When model data exactly matches with limited observed data, the model parameters are very near to the actual resistivity and thickness indicating very small uncertainties in model parameters. In the next step, we fixed the model parameter for 3 layers and again interpreted the complete data set using multiple layer models. This approach was very much helpful in interpreting the resistivity sounding data where the formation of the subsurface layer is dipping. This yields very good results compared to the conventional method of resistivity data interpretation technique. Finally, we are able to interpret the sounding data with the help of this method. The interpreted model parameters are shown in Table 1 .
Gravity Methods.
At the middle portion of the Bouguer and residual gravity anomaly maps the ENE-WSW trending negative gravity anomaly zone is identified as the existing SPSZ (Figures 2 and 4) . The intense brecciation, mylonitization, and ductile to brittle-ductile deformational pattern of the shear zone mixed with quartz breccias, ferruginous breccias, schroll, and mylonitic rocks cause this negative gravity anomaly zone. In the residual gravity anomaly map the closely spaced contour clearly indicates the existence of some shallow surface fractures/faults/contact along parallel as well as across the shear zone (Figure 4) . To get better interpretation of the subsurface the residual gravity data modeling is performed.
2D Forward Modeling of Residual Gravity Anomaly.
In the present study, 2D forward modeling approach was employed along a profile AA across the shear zone and passing through the south-east of Raghunathpur village 
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( Figure 4 ). The study area mostly covered by weathered to compact schist and the density of this layer is modeled as 2650 kg/m 3 [29] . The existing brecciated quartz vein almost parallel to the SPSZ is modeled with a density of 2470 kg/m 3 . Below these layers a 4-5 km wide highly sheared granite layer mixed with quartz breccias, ferruginous breccias, schroll, and mylonitic rocks (with assumed density 2270 kg/m 3 ) is identified as the surface extension of the SPSZ. The compact granite and amphibolite, hornblende-schist rocks as exposed on the north-east of Raghunathpur and over the southern side this shear zone are modeled with density varying from 2790 to 2970 kg/m 3 assuming a granitic basement of density 2670 kg/m 3 [29] . The 2-D forward models along these profiles were performed with the GRAVMAG software [30] , keeping the above geological constraints in mind. The software calculates the gravity effect for structures of infinite strike length and polygonal cross-section using the solution of Hubbert [31] and Talwani et al. [32] . Modeling along profile AA (Figure 8) shows the subsurface gravity structure without any resistivity constrain but only using the local geology. The estimated thickness of high density rocks on either side of the shear zone is quite large. The fitting between the observed and calculated anomaly gives an r.m.s misfit of 0.12 mGal. However, the interpreted apparent conductance from the resistivity data (from soundings S1 and S2) as collected along the same profile suggests the existence of two contact zones at ∼40 m and ∼200 m, near to Raghunathpur village. But the gravity model (Figure 8 ) does not reflect any contact zones on these depths. However, after constraining the thickness of high density layer and the depth of the contact zones (at about 40 m and 200 m) according to resistivity data, the gravity model shows a better match with the observed and calculated anomaly and gives an r.m.s misfit of 0.09 mGal. The width of the low gravity zone is nearly 5 km which is identified as the width of the existing shear zone. The conducting zones depicted in resistivity sounding are identified as the contact between compact granite and metabasic/mafic-ultramafic rocks (2790 kg/m 3 ) and low density material (2270 kg/m 3 ), possibly sheared granite, and mineralization ( Figure 9 ). this profile also clearly suggests the existence of northerly dipping structure. for inversion. This approach tries to fit the observed anomaly with minimum area of source density distribution keeping misfit as very low value [33, 34] . Modeling along profile AA (SW-NE, Figure 10 ) shows the subsurface gravity structure mostly as vertical. The shear zone is identified as northerly dipping low density zones with nearly 5 km width (along AA , Figure 10 ). This is in well agreement with the existing literatures [17] . The estimated thickness of high density rocks on either side of the shear zone is quite large (going beyond 1000 m). Just south of Raghunathpur village the lowest density zone (density ≤ 2500 kg/m 3 ) within the above shear zone depicts some vertical layers with gradually decreasing of density from 2650 kg/m 3 at the surface to lower than 2400 kg/m 3 at the center of the lowest anomaly zone. The lowest density zone (density < 2500 kg/m 3 ) extends to a depth of 400 m, approximately. The interpreted apparent conductance from the resistivity data collected along the same profile also suggests the existence of conductive contact zones. The depth of these low density contact zones is shallower near Raghunathpur village and gradually increasing towards south.
2D Inverse Modeling of Residual Gravity
Discussion
Gravity data suggest a low anomaly zone within the width of the shear zone. Resistivity soundings 1 and 2 carried out in this location show a high at a depth of around 80 m AB/2 (∼40 m) and 400 m AB/2 (∼200 m) (current electrode spacing). It is also evident from the fact that, on that particular zone and at shallow depth, hydro-uranium anomaly has been reported at a depth of around 40 m [ particularly in sounding 1 which is exactly on the same location of high anomaly. The contact between schist and granite, at a depth below this region, appears to be the host of uranium mineralization. The updated gravity model after constraining with and resistivity data are in agreement. The 2-D gravity inverse model is also in agreement with the integration of apparent conductance to constrain forward gravity modeling. In particular, the high to low density alteration zones (Figure 10 ) are also correlating well with the conducting layer at sounding locations (S1). Also, the coincidence of low gravity anomaly and a high conductive zone at around 200 m depth near to Raghunathpur village also indicates signature of possible uranium mineralization within the contact of sheared granite and mafic-ultramafic rocks. According to the model, the lowest density zone is extending up to ∼400 m depth. Again, the 2-D model along the profile indicates the presence of almost vertical alteration zones near to the south of Raghunathpur village. Moreover, presence of uranium mineralization and its extension has also been confirmed from integrated geophysical studies around Beldih mine [35, 36] together with drilled bore-hole data [16] .
Conclusions
Electrical resistivity and gravity surveys performed around SPSZ clearly revealed subsurface structure associated with uranium mineralization. A continuously increasing trend in apparent resistivity with depth and a wide low gravity anomaly zone has been observed along a NE-SW profile. Due to suppression problems in DC resistivity interpretation and dipping subsurface structures, it is difficult to determine the actual resistivity and thickness of the layer parameter using the conventional interpretation method. Apparent conductance plots help in identifying different subsurface layers and to interpret the resistivity data accordingly. The lithological boundaries interpreted from data used to constrain the subsurface structure to model the gravity data revealed a good correlation with the local geology of the area. The constraints from resistivity data revealed efficacy of in modeling gravity data from such complex region. Both forward and inverse gravity models revealed good correlation with the conducting structure. Therefore, the zones of low resistivity coinciding with low density (negative gravity anomaly) along the SPSZ are expected to be the possible zone of uranium mineralization.
